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PARAMETRIC ANALYSIS OF AN IMAGING RADAR FOR USE 
AS AN INDEPENDENT LANDING MONITOR 

By W. Thomas Bundick 
Langley Research Center 

SUMMARY 

The development of a suitable independent landing monitor (ILM) may substantially 
increase pilot acceptance of automatic landings during Category in operations by provid- 
ing an independent means of assessing the performance of the automatic landing system 
and the progress of the landing. This report analyzes the capabilities of a real aperture 
imaging radar for use as such an ILM. 

The analysis assumes a set of fixed values, called baseline values, as typical values 
for certain radar parameters such as receiver noise figure and microwave circuit losses. 
Other parameters, which include frequency and antenna length, are varied to determine 
their effect on system performance. 

The imaging radar system performance obtained from the analysis is compared 
with the performance requirements for an imaging type ILM to determine the adequacy of 
the radar system. However, many of the imaging ILM requirements are not precisely 
known; so certain requirements, such as signal -to -noise ratio, azimuthal resolution, and 
weather environment, are assumed or heuristically derived. One critical but somewhat 
arbitrary assumption was that the radar must perform satisfactorily at a maximum range 
of 6 km. 

The most significant results of the analysis are these: at a range of 6 km, cross- 
track, or azimuthal, resolutions between 25.7 m and 67.8 m can be obtained with antenna 
lengths between 1.57 m and 0.761 m (30 in.) at 35 GHz. Adequate resolution (approxi- 
mately 23 m) at 6 km cannot be obtained at 10 GHz with antenna lengths up to 2 m. At the 
frequencies examined, sufficient signal-to -noise ratios are achievable in clear weather to 
adequately image a runway with grassy surroundings, but the same may not be true with 
snow-covered surroundings. Runway obstructions, such as medium and large aircraft, 
can be detected at a 6 km range, but light aircraft and small vehicles may not be detected 
except at shorter ranges. Because of the uncertainties in the differential radar cross 
section of the targets (grass, etc.) and the uncertainties in the attenuation and reflection 
characteristics of precipitation, the performance in adverse weather cannot be predicted 
exactly. However, weather effects on a 10 GHz imager are not serious, with the possible 



exception of very heavy rain. The performance of a baseline radar imaging ILM at 35 GHz 
is limited in rain to rainfall rates of perhaps as small as 0. 1 mm/hr. The performance at 
35 GHz in wet snow is also seriously degraded. In fog a radar imaging ILM at 35 GHz 
performs satisfactorily, with the exception of possible slight degradation in very heavy fog. 

In summary, the analysis has shown that unless an antenna larger than 2 m can be 
incorporated into the aircraft, a radar imager operating at 10 GHz is not feasible because 
of resolution limitations. At 35 GHz a radar imager might be feasible if operation in all 
weather conditions were not a requirement. These results illustrate that the design of an 
imaging radar ILM involves a trade-off between frequency and antenna size, and this 
trade-off results in a compromise between azimuthal resolution and performance in poor 
weather. 


INTRODUCTION 


Cancellations and delays in the arrival and departure of commercial airline flights 
caused by bad weather cost the airlines millions of dollars per year and cause consider- 
able inconvenience to airline passengers. Many of the delays could be significantly 
reduced, or even eliminated, by using the automatic landing systems which are available 
on today* s new jet transports to effect automatic landings in bad weather, low visibility 
conditions. These autoland systems are not. being used in low visibility conditions how- 


ever, for two reasons. First, most airports are not equipped with instrument landing 
systems (ILS) which can provide sufficiently accurate guidance signals to the aircraft for 
Category III operation. This problem will eventually be alleviated by the upgrading of the 
ILS at major U.S. airports and by the development of the microwave landing system (MLS) 
to replace the ILS in the 1980* s. Secondly, the autoland systems have not been accepted 
by the airline pilots in spite of the fact that thousands of experimental automatic landings 
have been made successfully. A primary reason for the lack of pilot acceptance is the 
inability of the pilot to assess the progress of the landing and the performance of the auto- 
land system in conditions of low visibility. It is the function of the independent landing 
monitor (ILM) to provide the pilot with the information necessary to make this assessment. 


In addition to providing the information which will allow the pilot to monitor the per- 
formance of the autoland system and the aircrafts situation relative to the runway, sev- 
eral other functions for the ILM have been considered. These include: (1) presentation 
of sufficient information to allow the pilot to assume control and perform a manual land- 
ing in an emergency, (2) detection of obstructions on the runway, (3) presentation of guid- 
ance information during roll-out and taxi, and (4) use as a landing aid to reduce weather 
minimums at airports not equipped with an ILS (or MLS) suitable for making an automatic 
landing. It is also desirable that the ILM be suitable for use by general aviation as well 
as by commercial (and military) transports. 
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The function of the ILM is not the only unanswered philosophical question. For 
example, what is the degree of independence of the ILM from the ILS and other ground 
equipments? What is the degree of independence from other aircraft systems? Under 
what weather conditions should the ILM be required to operate? As important as these 
questions are, they are beyond the scope of this paper. Rather than philosophy, this paper 
will address one form of implementation of the ILM, namely, imaging radar. 

Various sensors operating in different areas of the electromagnetic spectrum have 
been considered for use in an ILM. They include imaging radars (refs. 1 and 2), mono- 
pulse radar (ref. 3), active/passive microwave radiometers, low-light level television, 
and infrared devices. Some of these techniques have been implemented and tested, and 
studies (ref. 4) have been conducted to determine the display requirements for an ILM. 
Although these studies may not be conclusive, the use of a real world perspective display, 
such as might be obtained from an imaging radar, has received strong support from 
pilots (ref. 5). 

It is the purpose of this paper to present the results of a parametric study conducted 
to evaluate the potential of real aperture imaging radar to provide such a real world dis- 
play for an ILM. The study analyzes the effects of radar parameters such as transmitter 
power, antenna size, frequency, and pulse duration; the effects of target backscatter prop- 
erties; and the effects of rain, snow, and fog on the capabilities of the system to provide 
an image of specified quality and information content which might be suitable for use in 
an ILM. 

SYMBOLS AND NOTATIONS 
. 2 

A physical antenna area, meters 

2 

A effective antenna area, meters 

e 

b length of side of corner reflector, meters 

C clutter power, watts 

O 

c speed of light, 3 x 10 meters/second 

D visibility, meters 

« i.. 2 

dBsm decibel relative to 1 meter 

F receiver noise figure 


L-9322 
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f frequency, hertz 

f(P) probability density function of P 

f carrier frequency, hertz 

doppler frequency, hertz 

fj lower limit of doppler frequency from a resolution element, hertz 

f 2 upper limit of doppler frequency from a resolution element, hertz 

Af doppler bandwidth, hertz 

G antenna gain 

h altitude, meters 

K = ~ 1 

m 2 + 2 

K 0 -band 26.5 GHz to 40.0 GHz 

a 

OO 

k Boltzmann constant, 1.380 x 10" joules/K 

L microwave circuit losses 

i antenna length, meters 

q 

M mass of condensed water per unit volume of air, grams/meter 

m complex refractive index of water 

N random variable denoting noise voltage after integration, volts 

Nj number of pulses integrated 

N r number of pulses received during the time the antenna scans one beamwidth 

random variable denoting noise voltage before integration, volts 
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R 


P 

R 


R (t) 
w v 


RpR 2 


S(t) 


S dd (w) 


s (w) 

pp v ; 


S (a; ) 
vv v 


(scr) t 

(SCR) W 


SNR 


(SNR) 


random variable denoting received power, watts 
mean value of received power, watts 
transmitter power, watts 

power received from a resolution- element, watts 
pulse repetition frequency, pulses/second 
range, .meters 

correlation function of video signal from a resolution element 

range to near and far edges, respectively, of a resolution element, meters 

rainfall rate, millimeters/hour 

random process denoting predetection signal received from a resolution 
element, volts 

postdetection power spectral density of doppler, watts/radian -second" ^ 

predetection power spectral density of doppler, watts/ radian-second ' 1 

postdetection power spectral density of doppler after filtering, 
watts/ radian -second^ , ■ 

signal-to-clutter ratio where clutter is produced by random fluctuations in 
return from target 

signal-to-clutter ratio where clutter is produced by random fluctuations in 
return from weather 

signal-to-noise ratio • 

signal -to -noise ratio of signal from a resolution element 


s 


antenna scan rate, scans/second 



T reference temperature, 293 K 

t time, seconds 

tj integration time, seconds 

tj max maximum integration time, seconds 

V random variable denoting signal voltage after integration, volts 

V(t) random process denoting envelope of received signal, volts 

V i random variable denoting postdetection signal from single pulse, volts 

Q 

Vp volume of clutter cell, meters 

v aircraft velocity, meters/second 

w antenna height (elevation dimension), meters 

X -band 8.2 GHz to 12.4 GKz 


x,y 


z 

a 

a 

H 

y 

5 
v 
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Cartesian coordinates of resolution element, meters 
effective reflectivity factor of rain, millimeters 6 /meter 3 
attenuation coefficient, decibels/meter 
antenna depression angle, radians 

radar cross section per unit projected area, meters Vmeter^ 
glideslope, radians 

elevation angle of aircraft as viewed from far end of runway, radians 
antenna efficiency 
incidence angle, radians 
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e(t) 


p 

Pa 

p c - 
P vv (j) 

Pw 


'N 


a -NT ’ 

N,1 


a v,i 


o ,o (9) 
<y o w 


random process denoting phase of received signal, radians 
antenna along -track (elevation) beamwidth, radians 
antenna cross -track (azimuth) beamwidth, radians 
wavelength, meters 

2 

resolution element, meters 

along -track (radial) resolution, meters 

cross-track (azimuthal) resolution, meters 

correlation coefficient of postdetection doppler signal after filtering 

O 

density of water, grams/ centimeter 0 

radar clutter cross section (reflectivity) of precipitation per unit volume, 

2/3 
meters /meter 

radar cross section, meters^ 

standard deviation of postintegration noise, volts 

standard deviation of preintegration noise, volts 

standard deviation of received power, watts 

standard deviation of postintegration signal, volts 

standard deviation of preintegration (single pulse) signal, volts 

2 / 2 

differential radar cross section, meters /meter 
time variable, seconds 
pulse duration, seconds 


7 


Tqq time when correlation coefficient equals 0.9, seconds 

cf) antenna scan angle, radians 

width of antenna scan, radians 

Q one -half of doppler bandwidth, radians/second 

oj frequency, radians/ second 

o> carrier frequency, radians/second 

c 

doppler frequency, radians/second 
w 1 dummy frequency variable, radians/ second 

Special mathematical notation: 

E (•) statistical expected value 

T? Hnf rmor a ifdr>iciV\lQ wi+V* voono rti ir\ tirna 

MW !> U M V MA. AV V* Wl*\/ W W VIVA XV WVl V V ft X V A A X Wl- W VXAAA V 

V bar over a variable denotes statistical mean value 

* convolution 

BASELINE SYSTEM 

The geometrical relationships between the aircraft radar antenna and the airport 
scene are depicted in figure 1, where the aircraft is shown over the extended center line 
of the runway and on the proper glide slope. As with side -looking real aperture imaging 
radars, the antenna beam is elliptical with the beam being narrow in the azimuthal direc- 
tion. This narrow beamwidth is necessary so that sufficient cross -track resolution is 
obtained. Resolution along track is achieved by ranging so the antenna beam is suffi- 
ciently broad in elevation to illuminate all ranges of interest. To cover all of the ground 
area of interest in the azimuthal direction, the antenna is electronically or mechanically 
scanned in that direction. 

A simplified block diagram of the system is shown in figure 2. A pulse of dura- 
tion Tp is transmitted and reflected by the ground. The return signal is detected and 
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used to modulate the intensity of a CRT (cathode-ray tube) display, whose sweep in the 
vertical direction is synchronized with the transmitter PRF (pulse repetetion frequency) 
and in the horizontal direction with the antenna scan. The variation in the backscatter 
properties of the airport scene produces an image of the scene on the CRT display. Since 
a radar image is normally produced in range-angle coordinates, some processing of the 
data is required to convert the image to angle-angle coordinates. Though this processing 
adds some complexity to the system, it does not affect the basic capabilities of the radar 
and will not be considered further. 

Before proceeding with the analysis, a set of values will be established for certain 
radar parameters which will be kept constant for the numerical calculation throughout the 
report. For the along-track (elevation) beamwidth (field of view) 0 , previous ILM 
studies and implementations have used values of 17° (ref. 1), 18°, and 30° (ref. 2). In the 
current study, a value of 17° will be used. It will be assumed that the antenna is pointed 
at a depression angle of 6.5° such that the field of view in elevation is from -2° to 15° 
depression with respect to the horizontal. 

As will be shown, the cross-track resolution is inversely proportional to frequency 
while the degradation in radar performance caused by weather effects increases with fre- 
quency. Thus frequencies of 10 GHz, 15 GHz, and 35 GHz were chosen because they span 
the frequency region of reasonable compromise between resolution and weather effects. 

Antenna scan limits of ±15° (ref. 2), ±16.5° (ref. 2), and ±20° have been considered, 
while scan rates have varied from 2.5 per sec (ref. 1) to 10 per sec (ref. 2). For this 
study, scan limits of ±15° and a scan rate of 5 per sec were chosen. 

The above chosen values and values considered typical of the other parameters for 
the baseline system are listed in table I. 

TABLE I.- BASELINE VALUES OF RADAR PARAMETERS 


Transmitter peak power, P t , kW 50 

Frequency, f, GHz 10, 15, 35 

Wavelength, A, cm , 3, 2, 0.857 

Pulse duration, t , jjsec 0,1 

System noise figure, F, dB 10 

Microwave circuit losses, L, dB _ 1,5 

Antenna efficiency, rf 065 

Antenna beamwidth (elevation), 0 , deg 17 

Antenna scan width (azimuth), <p deg 30 

Antenna scan rate, s, sec~l , 5 
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PARAMETRIC ANALYSIS 


The ILM is required to operate with two types of targets, which may be classified 
as area and discrete. Area targets are targets which are homogeneous and large com- 
pared to the radar resolution. These targets, such as runways, taxiways, and their sur- 
roundings, must be imaged by the radar with sufficient fidelity to allow the pilot to deter- 
mine the aircraft’s position relative to the runway. The discrete targets, which may be 
considerably smaller than a resolution element, are important for two reasons. First,, it 
is imperative that runway obstructions, such as ground vehicles and other aircraft, be 
detected by the pilot sufficiently early in the approach to permit a go-around. Second,, the 
detection of runway and approach lights would enhance the image of the runway. 

Area Targets 

Resolution .- The cross -track (azimuth) resolution p c on the ground is determined 
for a real aperture radar by the azimuth beamwidth 6 q according to equation (1). (See 
fig. 3.) 

P c ~R0 c • (for 0 C « l) (1) 



Figure 3.- Resolution geometry. 
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In the along-traek direction the resolution p a is a function of the pulse width and the 
incidence angle 9 or the depression angle ( 3 , assuming a flat earth, 


P 


a 


creese 0 

2 



sec 0 

~2 


( 2 ) 


For depression angles near zero, equation (2) reduces to 




(for $ « 1) 


( 3 ) 


This approximation is good for the radar imaging ILM at the longer ranges. A resolution 
element p is the product of the cross -track and along-track resolutions 


P 


= *Va 


ct p R0 c sec ^ „cT p Re c 
2 2 


(for 9 c ,/3 « lj 


( 4 ) 


Consider now the cross -track resolution. For an antenna length £ 
track dimension the beamwidth may be approximated by (ref, 6, p. 9-5) 


in the cross.- 


In figure 4 the azimuth beamwidth is plotted as a function of £ for frequencies of 10 GHz, 
15 GHz, and 35 GHz. 

The cross -track resolution, as expressed by equation (1), is plotted in figure 5 as a 
function of antenna beamwidth for ranges of 1, 2, 3.66, and 6 km. (A range of 3.66 km is 
equivalent to the length of a 12 000 ft runway.) Reference to figures 4 and 5 will show the 
relationship between antenna length and cross -track resolution at the specified frequencies 
and ranges. 

Suppose it is desired to have a cross -track resolution of 20 m at a range of 3.66 km. 
Combining equations (1) and (5) produces the following expression for resolution: 


P 


£ 


RA 

l 


( 6 ) 


Then at 35 GHz an antenna length of 1.57 m is needed to obtain the desired resolution. In 
figure 6 is plotted the resolution as a function of range for antenna lengths of 0.761 m 
(30 in.) and 1.57 m. (A length of 0.761 m (30 in.) was chosen as typical of airborne anten- 
nas.) These two antenna sizes will be used again later in the analysis. 

Required resolution. - A search of the literature, admittedly brief and non exhaustive, 
failed to produce any information concerning previous research that directly addressed the 
question of what is the required ground resolution for an imaging type ILM. Since the 
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Antenna beamwidth, 0 , deg 



Antenna length, m 


Figure 4,- Cross -track beamwidth versus 


antenna length. 
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Cross- track resolution 



Antenna beamwidth, 0 , deg 
c 

Figure 5.- Cross -track resolution versus beamwidth. 
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Cross-track resolution 



Figure 6.- Cross -track resolution versus range. 
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required resolution apparently has not been determined, a value for this requirement will 
be assumed. 


At the maximum operating range, an imaging ILM will be used to detect the presence 
of the runway and to provide gross alinement information. Let it be assumed that for 
detection purposes the cross-track resolution p c should be equivalent to not more than 
one -half the runway width. Then for a typical runway width of 45.7 m (150 ft) the cross - 
track resolution at maximum range should be around 23 m. 


At shorter ranges as the aircraft gets closer to touchdown, much more precise 
alinement and altitude information must be obtainable from the ILM image, and the resolu- 
tion requirements become considerably more stringent, but are not exactly known. If the 
resolution requirement of 23 m is to be achieved at the previously assumed maximum 
range of 6 km, then the radar imaging ILM must have a cross-track beamwidth 9 C of 
0.22° (from eq. (1)). With this beamwidth and at a range of 583 m, corresponding to the 
range to touchdown from an altitude of 30.5 m (100 ft), the cross -track resolution p c 
would be 2.2 m, which is much better than the along-track resolution of the baseline 
system. 

Henceforth, a resolution requirement of 23 m at maximum range will be assumed, 
but it must be emphasized that this requirement has not been verified experimentally. 


Consider a resolution element 




A aaittA'H V\T7 fK.r, 

unv -nr v_. 4. i vm mji 


p at a range R as in figure 3. From the radar 

rof1o/>tinn Vitt fVio olamont n ic 

Jrn U.U.UJ1 V X A. J ^ A v* VIViliVliV f-' 


given by equation (7 ) 


where 


P t L 2 GoA e 

(4ttR 2 ) 2 


(7) 


P power received from a resolution element, W 

r 

P t transmitter power, W 


L microwave circuit losses 


G antenna gain 

2 

cr radar cross section of p, m 

2 

A. effective area of antenna, m 

C 

R range, m 
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If the ground element p is homogeneous and small enough that the incidence angle 9 
is relatively constant, then the cross section can be expressed as the product of the ele- 
ment area p and the average backscatter cross section o o (0), sometimes called the 
differential scattering cross section, 


(7 = po Q (d) 


( 8 ) 


Upon substitution for cr, equation (7) becomes 
_ P t L 2 GA e pq Q (e) 

9 (4ttR 2 ) 2 


(9) 


From equation (9) it can be seen that the power received from a ground resolution element, 
and thus the signal-to-noise ratio, is directly proportional to the differential cross sec- 
tion u Furthermore, it will later be shown that the signal -to -clutter ratio during bad 
weather operation is also directly proportional to a . Therefore, before proceeding with 
the performance analysis, let us pause to consider the range of differential cross sections 
that are applicable to the ILM problem. 


Differential radar cross section . - The differential radar cross section is a function 
of the incidence angle, the frequency, and, of course, the target. The targets of interest 
for the radar imaging ILM are the runway and its surroundings, which include concrete, 
bare ground, grass, weeds, snow, and water. A number of measurements of cr Q have 
been made for various targets (ref. 6, ch. 25), but much of the data is not applicable to the 
ILM because the appropriate incidence angles are not included. 

With an elevation beam width 6 of 17° and assuming the upper limit is 2° above the 
horizontal, the incidence angles of interest lie between 75° and 90°. Table n is a tabula- 
tion of measurements of a o for linear polarization taken by Cosgriff, Peake, and Taylor 
(ref. 7) and by Grant and Yaplee (ref. 8). Note that the data in reference 7 are plotted as 
y versus grazing angle, which is the complement of 6. Since y is the cross section 
per unit projected area (surface area projected onto a plane perpendicular to the direction 
of propagation), v Q is found by multiplying y by cos 0. The data in table II are for 
an incidence angle of 80°. Data for an incidence angle between 85° and 90° would be use- 
ful but are unavailable. To facilitate a comparison of the cross sections of the concrete 
runway and its surroundings, the tabulated data are shown graphically in figure 7. 

From figure 7 it can be seen that the cross section is a function of frequency and is 
smaller at X-band than at K -band. Furthermore, the cross section varies consid- 

ci 

erably for the runway surroundings. As an estimate of the minimum cross section for use 
in later numerical calculations, values of -26 dB and -33 dB for K -band and X-band, 
respectively, will be used for the runway surroundings at 9 = 80 . For the runway -34 dB 
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TABLE IL- RADAR CROSS SECTION OF VARIOUS 


TERRAIN TYPES AT 6 = 80° 


Terrain type 
« 


Cross section, <r dB 


X-band 

K -band 

a. 

Horizontal 

polarization 

Vertical 

polarization 

Horizontal 

polarization 

Vertical 
polarization j 

Cos griff, Peake, and Taylor (ref. 7) 

Concrete 

-53 

-43 

-43 

-32 

Concrete 

-54 

-50 

-46 

-34 

Disked ground 

-33 

-32 

-22 

-23 

Plowed field 

-24 

-26 

-33 

-31 

Green grass, 1 in. 



-26 

-26 

Green grass, 1 in. 



-22 

-23 

Green grass, 1 in. 



-18 

-18 

Green grass, 2 in. 

-31 

-25 

-19 

-22 

Green grass, 2 in. 

-32 

-33 

-22 

-22 | 

Green grass, 2 in. 

-32 

-32 


1 

i 

i 

Green grass, 2 in. 

-31 

-27 



Green grass, 2-3/4 in. 



-20 

-20 

pTrAPP crrQ c c ft in -Pi a HanoH ^ in 

C» ? v — WW ~ AAA- 


■ 

n c 

— U\J 

ft r 

“4* J j 

Green grass, 15 in. 

-21 

-21 

-18 

-20 | 

Brown grass, 1 in. 

-32 

-31 


i 

Green wheat, 1/2 in. 

-35 

-38 

-23 

-26 J 

Green wheat, 2 in. 

-33 

-30 


1 

Wheat stubble, 12 in. 

-26 

-27 

-20 

-21 j 

Alfalfa and grass, 6 in. 

-33 

-32 


1 

Green grass, 1 in. 

-31 


-26 

J 

Green grass, 1 in., with snow, 1 in, 

-41 


-39 


Green grass, 1 in., with snow, 4 in. 

-36 


-44 

i 

Grant and Yaplee (ref. 8) 

Short dry grass and weeds 


-18 


-18 

Sandy loam partially covered with 


-19 


-27 

short dry grass 





Wet sandy loam partially covered 


-12 


-18 | 

with short green grass 





Marsh, sand, and bushes 


-21 


-14 j 


a Several values of cross section are shown for the same type of terrain because 
measurements were made at different locations or times. 




and -50 dB will be used. These values should decrease at greater incidence angles, but, 
as previously mentioned, measured data are not available. The measurements of y by 
Cosgriff, Peake, and Taylor (ref. 7) show that y is relatively constant as a function of 
incidence angle for many grassy type terrains. Therefore, as a best guess, ct q for 
angles of incidence greater than 80° will be computed from the value at 9 - 80° as 


follows : 


° o (0) = tf o (80°) 


cos 6 
cos 80° 


( 10 ) 


This procedure may produce estimates of a 0 (8) that are slightly large for specular tar- 
gets such as concrete and snow, but these approximations are the best available. 

Consider the case shown in figure 8 where the aircraft is on a 3° gLide slope and at 
a range of 6 km from the far end of the runway. The incidence angle 0 at a range R 
is found as follows: From the law of sines 


sin(3° - ?) = sin 177° 

? = 1.17° (11) 


From the properties of right triangles 
h = 6 sin £ - 0.122 km 


(12) 
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and 

B = arc cos ~ (13) 

With 0 calculated from equation (13) and with ^( 80 °) equal to -33 dB and -26 dB at 
X-band and K -band, respectively, a ($) for grass, weeds, etc. can be computed using 
equation (10). Results are listed in table III. Also tabulated are measurements of a Q (e) . 
for undisturbed snow reported in reference 9. 

TABLE IB. - ESTIMATED MINIMUM RADAR CROSS SECTION 
FOR RUNWAY SURROUNDINGS 


1 1 

— 

Incidence 

angle, 

0, 

deg 


Cross section 
for grass, etc., 
a o (fl), dB 

Cross section for snow, Q o (0), dB (ref. 9) 

Range, 

R, 


X -band 

K -band i 

cos 80°^ 
dB 





a 

J 

km 


K a -band 

Horizontal 

polarization 

Vertical 

polarization 

Horizontal 

polarization 

Vertical 

polarization 

1 

83.0 

-1.5 

-34.5 

-27.5 

--- 

— 

— 

— 

3 

87.7 

-6.3 

-39.3 

-32.3 

— 

— 

— 

— 

5 

88.6 

-8.5 

-41.5 

-34.5 

--- 

— 

— 

--- 

rr 

• 

88.0 

-iv/.u 

-43.0 

-36.0 

-48 

-56 



--- 

9 

89.2 

-11.1 

-44.1 . 

-37.1 

-52 

-59 

— 

-53 ; 

10 

89.3 

-11.5 

-44.5 

-37.5 

-54 

.. - 61 

-51 

. - 53 J 


It should be noted that the reflected signal is a random process. The fluctuating sig- 
nal amplitude is described by Rayleigh statistics, and therefore the received power is 
exponentially distributed. The cross section is used to compute the mean value of 
the return. 

Signal-to-noise ratio . - From equation (9) the mean power received from a ground 
resolution element p is given by 


20 






p p = 


p t L2GA e pq 0 (e) 

(4?7R 2 ) 2 


Rearrange equation (9) as follows: The antenna gain and effective aperture can be 
expressed in terms of the physical aperture A of the antenna; that is, 

G = 


A e = 97A 


(14) 

(15) 


where 7 ] is the antenna efficiency. But, 


A = £w 


(16) 


where £ is the antenna length (azimuth dimension) and w is the antenna height (eleva- 
tion dimension). Furthermore, 


w - 


(17) 


Substitution of equations (4) and (14) through (17) into equation (9) produces 
P t L Vn\p c % 


Pp = 


4ttrV 

a 


(18) 


Assuming an IF bandwidth of 1 jr p and noise figure F, the mean predetection signal-to- 
noise ratio of the return from a resolution element is 


(SNR), 


P^L 2 t? 2 j£ 2 P p <7 T 
_ t * p a K c 0 p 


47rR 4 fl 2 kTF 

cL 


(19) 


Fixed beamwidth: Consider the signal-to -noise ratio as a function of range for a 
fixed antenna beamwidth. Rewrite equation (19) with p 0 and in terms of t and 

a C p 

9 c , respectively, 


P,lVa 2 u t 2 c 

(SNR) = — 

P ^9 

8ttR kTF 
a c 


( 20 ) 


Let equal 0.1 psec corresponding to a resolution of 15 m, and let 6 = 0.00547 rad 

p c 

(0.313°), which produces a resolution of 20 m at a range of 3.66 km (12 000 ft). Using the 
baseline values from table I, the signal-to -noise ratio in dB is 
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(SNR) p = 198.3 + 20 log X + 10 log a Q - 30 log R 


( 21 ) 


Equation (21) is plotted in figure 9 using values for o q of -33 dB and -28 dB at X-band 
and K -band, respectively. 

a 

To account for the change in as a function of range due to changing incidence 
angle, the signal -to-noise ratio from equation (21) is also plotted in figure 9 using values 
of a (0) for grass taken from table m. 


Fixed antenna length: In the preceding section the signal-to-noise ratio was com- 
puted for a fixed beamwidth of 0.313°. To achieve this beamwidth at 10 GHz requires an 
antenna length of 5.49 m (18.0 ft). Now consider the SNR for a fixed antenna length. 
Equation (20) can be rewritten as 


(SNR) p 


8irR 3 0?kTF 

a 


( 22 ) 


Using the baseline values, equation (22) becomes in dB 


(SNR) = 175.7 + 10 log X + 10 log £ + 10 log <x - 30 log R (23) 

r ^ 

Using equation (23), the SNR is plotted in figure 10 as a function of range for antenna 
lengths of 0.761 m (30 in.) and 1.57 m using cr„(80 o ) and using c 7 ^( 6 ) from table III. 

Fixed range: Let the range be fixed at 6 km. In order to estimate the signal-to- 
noise ratio of the return from different targets, consider the SNR as a function of cross 
section ct q . For R = 6 km, equation (23) becomes 

(SNR) p = 62.4 + 10 log X + 10 log £ + 10 log cr Q (24) 

The predetection SNR, as calculated from equation (24), is plotted in figure 11 as a func- 
tion of cross section. Also shown in figure 11 is the postd election signal-to-noise ratio 
assuming a square-law detector. 

The postdetection signal-to-noise ratio as used in this report is defined as the ratio 
of the average (dc) detector output power with a signal plus noise input to the ac detector 
output power (noise variance) with noise only at the input. With this definition the postde- 
tection signal-to-noise ratio is approximately equal to the square of the input signal-to- 
noise ratio. Since this is not the usual relationship, a brief development is shown below 
based on the work of Pant.er (ref. 10). In the notation of reference 10, let the output cur- 
rent I of the square law detector be related to the input voltage V by the relationship 

I = aV 2 + bV 
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(25) 



Fredetection signal -to-noise ratio, (SNR) , dB 


70 


oo 
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Range, R, km 


Figure 9.- SNR for constant beamwidth. 





Predetection signal-to-noise ratio, (SNR) 


CO 



Figure 10.- SNR for constant antenna length 











where a and b are constants. Equation (25) corresponds to equation (6-88) in refer- 
ence 10, where the constant c has been set equal to zero. From equation (6-92) of 
reference 10, the square of the average (dc) detector output current with a signal-plus- 
noise input is given by 




(26) 


where A c is the peak carriage voltage and <j is the root-mean-square noise voltage. 
Similarly, from Panter’s equation (6-95) the average fluctuating (ac) output current 
squared with noise only at the input is given by 



2 4 
or 


(27) 


Taking the ratio of equations (26) and (27), the output power signal-to -noise ratio is 






(28) 


In the notation of this report, equation (28) becomes 



[kiFfi/O + p„T 


k TF(l/r p ) 


2 


l(SNR) p + lj = (SNR)p 


for (SNR) p » 1 


(29) 


In figure 11 note that the actual postdetection SNR at low input (predetection) SNR’s 
departs somewhat from the linear (in dB) relationship shown. However, these low input 
SNR's, say below 0 dB, are not adequate for the radar imaging ILM, so this departure will 
be neglected. The approximate ranges of values for the cross section of grassy targets 
are shown along the abscissa of figure 11 by X's and K. a ’s for 10 GHz and 35 GHz, 
respectively. 


Pulse integration .- The signal-to-noise ratio in equation (19), and in figures 9, 10, 
and 11, is the ratio of the mean signal power received from the backscatter of one pulse 
from a resolution element to the root -mean -square noise power in the IF bandwidth. The 
received signal is the vector sum of the return from many random scatters and is a fluc- 
tuating signal. The signal voltage in the IF section can be written as 


S(t) = V(t) cos |wt +- 0<tQ 


(30) 


The envelope V(t) is a nonstationary random process described by Rayleigh statistics. 
Similarly, the phase 0 (t) is a uniformly distributed random process. Now at a fixed 
range and with a fixed target the processes are stationary. Let 
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( 31 ) 


P = 



Then P, a random variable denoting the received power, is exponentially distributed with 
probability density function 


f(p) = < Pr 



1 ° 


The mean value of P is found as follows: 


(P g 0) 
(P <0) 


(32) 


E{P} = P = \ P f(P)dP = P R (33) 

Thus the mean value of the received signal power is P R as calculated from the radar 
equation (eq. (9)). 

In a similar manner the standard deviation of the received power is found to be 

Op = P R = P (34) 


It is well known that the envelope of narrow band Gaussian noise also obeys Rayleigh 
statistics. Therefore, the signal and the noise in the ILM receiver have both a fluctuating, 
or ac, component and a constant, or dc, component. If a square law detector is used, the 
ratio at the detector output of the dc component to the ac component is 


V P 

— 1 = J* = 1 (35) 

a V,i P R 


This ac component, or target clutter, produces a noise, sometimes called salt and pepper, 
in the image and affects the image quality much like receiver noise. 

Depending on the antenna beamwidth and scan rate and on the pulse repetition fre- 
quency, more than one pulse may be reflected from a resolution element during a scan. 

If so, these pulses may be added in the receiver to improve the signal-to-noise ratio. If 
the azimuthal beamwidth is 6 , the scan rate s, the scan width tf> L , and the pulse repe- 
tition frequency p, then N-^, the number of pulses received during the time the antenna 
is scanning an angular distance of one beamwidth, is 


N 



(36) 
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In order that the resolution be limited by the antenna and not by the sampling process, 
assume that two samples per beam width (after integration) are required. Then Np the 
number of pulses that can be integrated, is 


- fl cP 

1 2( P L s 


(37) 


Using equation (37), Nj is plotted in figure 12 as a function of # c for several values of 
the ratio p/s and 0 L - 30°. Likewise, the time per sample, tp that is, the time 
required to scan an angle 0^2, is 


t 


I 



(38) 


In figure 13, tj is plotted as a function of 9 for 0^ = 30° and several values of s. 

The integration time is also limited by another factor. In order that the along -track - 
resolution be limited by the pulse width, the integration time must not exceed the time 
required for the aircraft to travel a small fraction, say 1/10, of the along-track resolution. 
This maximum integration time t T is computed as follows: 

IjIIitlX 


vt T 




lanaA 


1U 


20 


CT 

t T = £ 

4, max 20v 


(39) 


Using equation (39), t T ___ is plotted in figure 14 as a function of aircraft velocity v. 

IIld./v 

Let V be the signal voltage and N be the noise voltage after square -law detection 
and integration (summation) in the digital processor. Then 


Nl 

V - I V. (40) 

i= 1 


Then the mean value of V is 


r 

N 


I 


V = E / V 


i= 1 


= N I V i 


(41) 
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Number of pulses integrated 
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Figure 12,- Number of pulses integrated. 
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Figure 13. - Integration time. 
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The mean noise voltage is likewise 

-ft 1 - 

N = 0<Z N i> sN i N i 

The noise has a variance given by 


( 42 ) 


a 2 = N 2 - N 2 



Ni Nj ^ 


-N 2 


= E <I N M I N i N i 

|i— 1 i- 1 j=l 

j/i 

= NjE |n^ + Nj |Nj - l)E [n.N^ - N 2 
Since the noise during adjacent pulses is uncorrelated, equation (43a) becomes 

a N = N I N i * N I N i " N I N i “ 

•»i £?-«?) 


(43a) 


(43b) 


or 


°N ' ^I CT N,i 


As a result, the signal -to -noise ratio (dc-signal/ac -noise) becomes after integration 


N i v i 


JL = 1 . = JiJT — !_ (44) 

O’tvt . /at j V I cr . ' ' 

N V W I CT N,i N,i 

which is an improvement by the factor y/N^. This factor is shown graphically in figure 15. 
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Number of pulses integrated 
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Consider now the situation in which the baseline ILM is operating at a range of 6 km 
with an antenna length of either 0.761 m (30 in.) or 1.57 m. The single pulse signal-to- 
noise ratio for this situation has been plotted in figure 11. The antenna beamwidths for 
this case can be obtained from equation (5) and figure 4 and are tabulated in table IV. For 
a scan rate of 5 scans/ sec, an azimuthal field of view of 30°, and a pulse repetition fre- 
quency of 5000 pulses/ sec the number of pulses integrated, integration time, and integra- 
tion improvement factor are calculated from equations (37), (38), and (44), respectively, 
and are tabulated in table IV. Addition of the integration improvement factor to the single 
pulse signal -to -noise ratio from figure 11 produces the post integration signal -to -noise 
ratio as plotted in figure 16. 

TABLE IV.- INTEGRATION IMPROVEMENT 


Parameter 

ft = 0.761 m (30 in.) 


It = 1.57 m 


10 GHz 

-15 GHz 

35 GHz 

10 GHz 

15 GHz 

35 GHz 

0 C > deg 

2.26 

1.50 

0.645 

1.09 

0.730 

0.313 

N i 

37.7 

25.0 

10.7 

18.2 

12.2 

5.2 

20 log ^Np dB 

15.8 

14.0 

10.3 

12.6 

10.9 

7.2 

-l- ^ ^ 

1 C 1 

in a 

A O 

n •} 

A A 

n i 

ip UiOVL 

1U, X 



< « 


XI , -L 

Tqq, msec 

14.8 

9.9 

4.2 

14.8 

9.9 

4.2 

^max’ msec 

20.8 

20.8 

20.8 

20.8 

20.8 

20.8 


Pulse -to -pulse correlation: In order to compute the signal-to- clutter ratio v/cry, 
after integration, the autocorrelation function of the return signal must first be determined. 
Consider a resolution element p at a range R and centered at coordinates x,y as in 
figure 17. To determine the autocorrelation function, first, determine the doppler power 
spectral density of the return from p. For a small resolution element, the variations of 
a o and path loss over the element are negligible, and the average backs catter power is 
uniform over p. For a CW (continuous -wave) transmitted signal, the doppler spectral 
density is rectangular and is centered about the mean doppler frequency f^. Find f^ as 
follows : 


n 

2 2 
+ x + y 

(45) 

R =^h 
R 

+ y 

R R 

(46a) 
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Figure 17.- Geometry for deter mining correlation, 
h = -v sin 7 v 
x - -v cos y y 

y = o 

Substitution of equations (46b) to (46d) into equation (46a) produces 


hv sin y + xv cos y 




( 50 ) 


Then f^ is approximately 

2f vx 
f j ~ — — 

d cR 

The limits of the rectangular spectrum can be found approximately from the rate of 
change of the ranges and Rg (see fig. 17): 



The lower limit of the doppler is then 

A 


f i = 


2lx -J/vf c 
cR 


Similarly, the upper limit is 
2(x + ^)vf 


z cR 

Substituting from equation (3) for p a , equations (53) and (54) become 

2 ( x - !i)vf c 
■f, = -A ii_£ 


cR 

2^x + 

*2 


and the doppler bandwidth Af is 

' . f vf c T p 

Af = f 2 - f l = -R 


(51) 

(52) 


(53) 


(54) 


(55) 


( 56 ) 


Let 
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( 57 ) 


w d = 2rf d 
“c = 2rf c 

£2 = 7rAf 


> 


J 


The normalized predetection spectrum S (o>) is shown in figure 18(a). 

rr 

After square -law detection, the doppler power spectral density S dd (a)) can be 
obtained by convolution as follows: 


S dd (w) * S pp (w) * s pp( w ) = J s p p(“ - u')S pp (o)')du' 


(58) 


The postdetection spectrum is shown in figure 18(b), where S (u) is the spectrum after 
low-pass filtering. 


The autocorrelation function R^fr) of the detected signal can now be obtained by 
taking the Fourier transform of the spectral density 


R 


vv 


M = y S vv (»)e iT “ dw 


= C° fa * 2£) e iTU dw + f 2S Yjft..-. ^ni Ta) 

^-2nV 2S2 / J(| \Jfl /' 


rif<> 


2 sin^£2r 


(nr): 


( 59 ) 


The correlation coefficient is then 

R (t) . 

n ~ vv v sin £2 t 

^W V ' fn\ ’ ” 

(fir)" 


( 60 ) 


which is shown graphically in figure 19. Substitution for ft from equations (57) and (56) 
produces 


p w< T > = 


^ vf c r p T j 


( 61 ) 


Equation (61) is also plotted in figure 19 for v = 72 m/sec, R = 6 km, 
r p = 0.1 l^sec, and = 35 GHz. 
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If the pulse integration time tj is less than the time required for the corre- 

lation coefficient to decrease to 0.9, then to a good approximation the pulses can be con- 
sidered to be completely correlated. Let 


p w( t 90) ” 0,9 

(62a) 

. 2„ 
sin 

yu - 0.9 
0 

(62b) 

( ar 9o) 


J2 t 90 = 0.559 

(62c) 


0.559 = 0.559R 

a. irv f c Tp 


(62d) 


In figure 20, is plotted as a function of ft for two values of and for 

v « 72 m/sec. In table IV, is tabulated for R = 6 km and = 0.1 psec. 

Clutter reduction: By comparing the values for in table IV to the correspond- 

ing values for t„ it can be seen that the pulse return is essentially correlated over the 
integration interval for the baseline ILM operating at a range of 6 km. In this case the 
variance ffy of the signal (ae component) after integration of Nj pulses is 



= Nj V? - Nj V® 

= N,V vi (63) 


Combining equations (63), (41), and (35) the ratio of signal to target clutter, after integra- 
tion, is found to be 


V_ N I V i 
<V N a 


I V,i 

and there is no improvement in the signal-to-clutter ratio (SCR)rp by integration. 
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Correlation time, msec 



Figure 20.- Correlation time t^q for v = 72 m/sec. 
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From equation (62d) or figure 20, it can be seen that Tqq is a function of range. 

At ranges less than 6 km the pulses decorrelate more quickly, and there may be a slight 
improvement in the signal-to-clutter ratio by integration. 

If clutter reduction by integration is required, it can be accomplished by changing 
the frequency from pulse to pulse. 

Required signal-to-noise ratio . - In order to use the information presented in the 
proceeding sections to complete the system design of an ILM imaging radar, it is neces- 
sary to know the signal-to-noise ratio required to produce an acceptable image. A con- 
siderable amount of information concerning the effects of random noise on television and 
other image -type displays has been published in the literature, including references 11 to 
16. References 14 and 16 indicate that the SNR required for detection of a rectangular 
target or a bar chart is a function of the target size and is less than unity. Reference 15 
indicates that previous studies determined the SNR requirements for detection to be 6.7 
and 7. However, these SNR's are not defined and hence cannot be used. Levine, Jauer, 
and Kozlowski (ref. 15) found that detection performance increased monotonipally with 
increasing SNR up to SNR = 100, the highest in their experiment. They defined SNR 
as the ratio of video rms voltage to random noise rms voltage (at the television monitor 
input). Since the target and background are unknown in this case, it is difficult to apply 
their results to the radar imaging ILM problem. Reference 12 presents the results of a 
subjective test of the effects of random noise and co channel interference on commercial 
type television. The noisy pictures were given ratings of unusable, inferior, marginal, 
passable, fine, and excellent by each of 92 observers. Ratings of inferior and marginal 
are defined in reference 17 as follows: Inferior - M The picture is very poor but you could 
watch it. Definitely objectionable interference is present." Marginal - "The picture is 
poor in quality and you wish you could improve it. Interference is somewhat objection- 
able." In reference 12 the pictures with a signal-to-noise ratio of approximately 23 dB 
were given a rating of marginal or better by 50 percent of the observers and a rating of 
inferior or better by 95 percent of the viewers. Furthermore, images with an SNR of 
about 17 dB were rated inferior or better by 50 percent of the observers. In this study 
(ref. 12) the signal amplitude used in the SNR calculations was measured during the sync 
pulses. Therefore, the SNR of the image would be less than the numbers quoted above. 

The required signal-to-noise ratio for the radar imaging ILM cannot be accurately 
concluded. However, based on the referenced studies, a required postintegration SNR 
of 15 dB will be assumed. 

Required signal-to-clutter ratio (SCR) t .- Similarly, the performance of an ILM 

imaging radar cannot be fully evaluated without a knowledge of the required signal -to- 
target clutter ratio (SCR)^,. Both theoretical and experimental work has been done on 
techniques for reducing clutter in radar images. (See, e.g., refs. 18 to 20.) However, 
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neither of these studies specifies the (SCR)^ required nor do they present images at 
different specified (SCR.)^ T s for evaluation. It must be stated then that the requirements 
on signal -to -clutter ratio are undetermined, and further work in this area must be done. 

Results for area targets .- From the foregoing analysis, the following results are 
obtained for area targets: 

.1. At a range of 6 km and with a 2 m antenna length, an imaging radar ILM operating 
at a frequency of 35 GHz will have a cross-track resolution of 25.7 m (84.3 ft), which 
nearly satisfies the resolution requirement of 23 m (75 ft) and is sufficient to produce an 
image of a 45.7 m (150 ft) runway. The re'solution with a 1.57 m antenna at the same fre- 
quency is 32.8 m (108 ft) and does not quite satisfy the requirement but may be adequate. 
The resolutions at 35 GHz with a 0.761 m (30 in.) antenna and with any antenna lengths up 
to 2 m at 15 GHz and 10 GHz are at least. 60 m and do not nearly meet the requirement. 

2. Even if the maximum range could be reduced to 4.25 km, corresponding to the 
range to the far end of a 3.66 km (12 000 ft) runway from a 30.5 m (100 ft) altitude, radar 
imaging ILM’s operating at 10 GHz or 15 GHz do not meet the 23 m resolution require- 
ment with antenna lengths up to 2 m, If a cross -track resolution equal to the runway width 
(typically 45.7 m) were found to be acceptable, then a radar imager with a 2 m antenna at 
15 GHz, which has a resolution of 42.5 m (139 ft), would be adequate. At 4.25 km a 35 GHz 
imager has cross -track resolutions of 18,2 m (59,7 ft), 23.2 m (76.1 ft), and 48.0 m (158 ft) 
with antenna lengths of 2m, 1.57 m, and 0.761 m (30 in.), respectively. The cross -track 
resolution capabilities of the radar imaging ILM are summarized in table V. 

3. The differential radar cross section of the runway surroundings (grass, 
weeds, dirt, etc.) varies from -43 to -18 dB and from -36 to -18 dB at X-band and 

K -band, respectively, for incidence angles from 89° to 80°. The cross section of undis- 
turbed snow is approximately -40 to -50 dB. The cross section of concrete is in the range 
of -46 to -63 dB at X-band and -35 to -47 dB at K -band. 

T - 3 # ' * 

4. From figure 10, without pulse integration. the signal -to -noise ratio with baseline 
parameter values and a 1.57 m antenna is sufficient to produce an adequate image of a 
runway surrounded by grass or weeds out to 6 km. With a 0.761 m (30 in.) antenna the 
SNR is too low at 6 km. With either antenna the return from the concrete at 6 km is 
masked by noise. 

5. Using postdetection pulse integration the SNR oh the return from grass can be 

improved sufficiently to produce an adequate image (from the standpoint of SNR) at 6 km 
with a 0.761 m (30 in.) antenna. '' 

6. The signal from undisturbed snow at 6 km is masked by noise even with pulse 
integration, assuming 5 scans/sec and 5000 pulses/sec. Even with sufficient SNR the 
cross sections of undisturbed snow and concrete overlap, and there may be insufficient 



TABLE V.-. CROSS-TRACK RESOLUTION AT RANGES 
OF 6 KM AND 4.25 KM 



a Based on 20 m requirement. 

^30 in. 

c May be usable with relaxed requirements. 
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contrast to produce an adequate image. The use of snow removal equipment to clear the 
runway might change the backs catter properties of the snow surrounding the runway suf- 
ficiently to produce a usable image. Otherwise, runway enhancement must be provided. 

7. The signal -to -clutter ratio (SCR) T of a single return pulse after square -law 
detection is 6 dB independent of range, and this ratio cannot be improved by simple inte- 
gration of pulses, because adjacent pulses will be correlated with the anticipated values 
of pulse width, pulse repetition frequency, and aircraft velocity. Improvement in signal- 
to- clutter ratio can be obtained through integration if pulse -to -pulse frequency agility 
were used to accomplish decorrelation. However, the requirements for signal-to -clutter 
ratio are not known, and additional experimentation must be performed. 


Discrete Targets 

Discrete targets are important in the operation of an ILM from two standpoints: 
first is the use of runway existing lights and approach lights, corner reflectors, etc. 
to enhance the runway image and second is the detection of obstructions such as aircraft 
and vehicles on the runway. 


To examine the performance of a radar imager with discrete targets, rewrite equa- 
tion (19) to express the signal-to-noise ratio of the return from a target of radar cross 
section or, assuming a fixed antenna length £ and elevation beam width f? a , 


P lAjVcrr 

SNR = — i 

4jrR 4 OTF 

cL 


( 65 ) 


Using the baseline values, equation (65) becomes in dB 


SNR = 233.9 + 20 log i 10 log cr + 10 log r p - 40 log R (66) 

The predetection SNR from equation (66) is plotted in figure 21 as a function of radar 
cross section at a range of 6 km for a 0.1 /isec pulse. 

From information presented in chapter 27 of reference 6 and in reference 21, it 
appears that 1 m 2 (0 dBsm) is a reasonable value for the minimum radar cross section of 
most metallic skinned aircraft. Referring to. figure 21, the postdetection SNR of such 
aircraft should be at least 20 dB at 6 km, and the aircraft should be detected. Private 
aircraft with nonmetallic skins may not be detectable at 6 km. However, since the signal- 
to-noise ratio improves as R~ 4 , these aircraft should be detectable at slightly smaller 
ranges. 

The most likely type of runway obstructions other than aircraft would probably be 
ground vehicles. While measured values of the radar cross section of vehicles have not 
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Figure 21.- SNR versus a at R = 6 km for r = 0.1 psec. 

Jr 

been obtained, it seems reasonable that the cross section would be in the range of a few 
tenths of a square meter to a few square meters. From figure 21 it appears that the base- 
line system would detect many vehicles at a range of 6 km and would detect most vehicles 
at slightly shorter ranges. A more exact prediction of radar imaging ILM performance 
cannot be made with the data available. 

Suppose corner reflectors are desired to enhance the edge of the runway or to mark 
the four corners of the runway. From Skolnik (ref. 6, ch. 27), the maximum cross section 
of a trihedral corner reflector is expressed by 

2 

(67) 

where b is the length of each side. From equation (67) the cross section of a 0.3048 m 
(12 in.) corner reflector is 10 dBsm at 10 GHz and 20.9 dBsm at 35 GHz. From figure 21, 
the return from such a reflector is more than sufficient for detection at 6 km. 


477 ( 0 . 289b 2 ) 
^2 
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WEATHER EFFECTS 


Bad weather will adversely affect the performance of a microwave radar imager in 
two ways: (1) reduction of received signal strength by attenuation and (2) introduction of 
a noiselike interference, or weather clutter, by reflection of the transmitted signal from 
the precipitation.. The performance of the ILM in bad weather is particularly important 
since the ILM will be most valuable as a landing aid during conditions of low visibility. 
Those weather conditions to be considered are rain, snow, and fog. The effect of fallen 
snow on the backscatter properties of the surface has been considered in a previous 
section. 


Rain 

The propagation of microwaves through rain has received considerable attention in 
the literature from both a theoretical and experimental point of view. (See refs. 22 to 46.) 
The theoretical calculation of attenuation and reflectivity usually is accomplished by apply- 
ing the Rayleigh and Mie theories of electromagnetic scattering to a spherical raindrop. 
The results are then summed over a measured distribution of drop sizes for a given rain- 
fall rate. Because of the large variance in drop-size distributions and the inaccuracies 
in measurements of rainfall rate, it is not possible to present a single value of attenuation 
or reflectivity for a given rainfall rate and microwave frequency; rather, a range of values 
must be utilized. 


Attenuation.- In figure 22 is plotted the range of values of attenuation as a function 
of rainfall rate as found by various researchers and reported in references 22 to 30 and 
33 to 37. In instances where the reported frequency differed from the frequency of inter- 
est, the attenuation in dB/km was interpolated according to f 1 ' 8 as suggested by 
Nathanson (ref. 38). 

Consider now the signal -to -noise ratio of the return from a resolution element p. 
After modification to account for rain attenuation, assuming uniform rainfall along the 
propagation path, the predetection SNR in equation (22) for a fixed antenna length & 
becomes 


(SNR) p 


P t L 2 r) 2 AJ?a Q rg C g~ 2R 

8jrR 3 S 2 kTF 

a 


( 68 ) 


Assuming baseline values from table I and a square-law detector as before, the postinte- 
gration SNR at R = 6 km is in dB (from eqs. (24), (44), and (68)) 


SNR = 2|62.4 + 10 log A + 10 log i + 10 log <j q - 2R(10 log cv)J + 20 log j/Nj 


(69) 
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One-way attenuation, a, dB/km 






From figure 22 the attenuation factor in moderate rain (4,0 mm/hr) is between 0.043 and 
0.16 dB/km at 10 GHz, between 0.15 and 0.29 dB/km at 15 GHz, and between 0.92 and 
1.6 dB/km at 35 GHz. The corresponding values of two-way attenuation for a range of 
6 km are 0.516 to 1.92 dB, 1.80 to 2.48 dB, and 11.0 to 19.2 dB at 10, 15, and 35 GHz, 
respectively. Using these values in equation (69), the post integration SNR in figure 16 
has been modified to account for moderate rain and is plotted in figure 23 for an antenna 
length of 1.57 m. 

For a threshold signal -to -noise ratio of 15 dB as before, it can be seen from fig- 
ure 23 that under the given conditions the SNR from a resolution element at 6 km is 
inadequate in moderate rain at 35 GHz. From figure 22 the attenuation factor at 35 GHz 
in light rain is between 0.23 and 0.40 dB/km. The SNR for this condition is shown also 
in figure 23, and it is barely adequate. 

Using a required SNR of 15 dB, an antenna length of 1.57 m, and the range of values 
of the radar cross section of weeds, grass, etc., equation (69) was used to determine the 
maximum attenuation limited range as a function of rainfall rate, and the results are shown 
graphically in figure 24. The cross-section values used to determine the tolerances, or 
limits, are -21 to -43 dB at 10 GHz and -18 to -36 dB at 35 GHz, 


Since the uncertainty in the maximum range is so large, it would be useful to com- 
pute a nominal, or best estimate, of the maximum range. The calculations were performed 
using the average value for the attenuation factor or and using a best estimate of the dif- 
ferential radar cross section cr Q . Since grass is the most likely type of terrain bordering 
the runway, the cr^ of grass from table 13 was estimated to be -28 dB at 10 GHz and 
-22 dB at 35 GHz. These values were degraded by 3 dB to account for circular polariza- 
tion (see the following section on rain clutter) and were degraded an additional 9 dB to 
account for the reduction in o q when going from an incidence angle of 80° to 89°. 

From figure 24 it can be seen that the baseline system may be limited by attenuation 
at a 6 km range to a rainfall rate of 6 mm/hr at 10 GHz and only 0.4 mm/hr at 35 GHz. 
Consider a range of 4.25 km, u T hich is approximately the range to the far end of a 3658 m 
(12 000 ft) runway from an aircraft at the 30.48 m (100 ft) decision height on a 3° glide- 
slope. The baseline system can operate at this range in rains of at least 21 mm/hr at 
10 GHz and 1.8 mm/hr at 35 GHz. 


Clutter .- Not only is the transmitted signal reflected by the target and attenuated by 
the precipitation, but it also is reflected by the precipitation. This reflected signal, or 
weather clutter, forms an interfering signal. The clutter power C returned from pre- 
cipitation at a range R can be computed from the standard radar-range equation, 
assuming uniform rain 


P t L 2 GA e <Jcr 2R 
( 4jtR 2 )^ 


(70) 
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Figure 23.- Postintegration SNR at R = 6 km in rain. 
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Figure 24.- Maximum attenuation limited range in rain. 







The clutter cross section o can be expressed as 


a= V p S 


( 71 ) 


where 

3 

V volume of clutter cell, m 

r-' 

2/ 3 

£ reflectivity of precipitation, m /m 


Neglecting the effect of ground reflections, the clutter cell volume in figure 1 can be 
approximated by (ref. 6, pp. 24 to 29) 

_ /R 2 fl a 9 c TpC 
P 8 


(72) 


Substitution of equations (71) and (72) into equation (70) produces 
C = 


P.L 2 GA JJrc^a m 
t e a c p 


(73) 


128ttR' 


For a fixed antenna length, equation (73) becomes 

■d t 2 2 fl . ^ v -2R 
P.L. t ) 

r< _ l P 

^ _ 

32R 0 

a 


(74) 


From equation (68) the signal power from a resolution element under these condi- 
tions is 


P. L 2 rj 2 Xfcr t ccy" 2R 
P = * o P 

* n on 

" 8rflV 

a 


(75) 


From equation (74) and (75), the signal-to-clutter ratio (SCR)™ is then 


(SCR) W = 


4g o 

7lR0 E 
a 


(76) 


Note from equation (76) that, unlike rain attenuation and receiver noise, the effects of 
weather clutter cannot be reduced by increasing transmitter power. 

As previously mentioned, calculations of the radar reflectivity £ (cross section 
per unit volume) or of the related effective reflectivity factor Z have been made by a 
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number' of authors. The range of values of S found by Crane (ref. 33) and by Mueller 
and Sims (ref. 34) is plotted in figure 25 after adjustments for slight frequency differences 
according to f^ as suggested by Nathanson (ref. 38). These values of reflectivity are for 
linearly polarized waves. To reduce the reflectivity and hence the rain clutter, circular 
polarization can be employed (ref. 47, ch. 17). If the rain drops were perfect spheres, if 
the polarization of the transmitted wave were perfectly circular, and if there were no 
ground reflections, then the received return from the rain would be zero because the rain 
reflected wave would be perfectly circularly polarized with sense opposite that of the 
antenna. In practice, neither of these conditions is satisfied. Measurements and calcu- 
lations of the reduction in reflectivity, or clutter power, with circular polarization have 
been reported by several authors, and their results are tabulated in table VI. A consid- 
erable spread in the cancellation ratio is evident in the data in table V and, furthermore, 
the cancellation ratio may be reduced by the effect of ground reflections. This effect has 
been analyzed to some extent in references 41 and 42, wherein limits on the cancellation 
ratio of as low as 20 dB have been reported. From these sources of information it is 
estimated that the use of circular polarization can reduce the radar cross section of rain 
by 20 to 30 dB at X-band and 17 to 25 dB at K a -band. Application of these reductions 
to the cross-sections in figure 24 produces the estimated reflectivities for rain for cir- 
cular polarization plotted in figure 26. 

The signal -to -clutter (SCR) W ratio has been calculated using equation (76) for a 
range of 6 km in moderate rain (4 mm/hr). From figure 26 the reflectivity S at this 
rainfall rate is between -79 and -93 dB/m at 10 GHz and between -55 and -65 dB/m at 
35 GHz. The resulting (SCR) W is shown graphically in figure 27. If it is assumed that 
the required signal -to -clutter ratio is the same as the required signal -to -noise ratio, that 
is, 7.5 dB before detection and 15 dB postdetection, then figure 27 shows that the (SCR) W 
in moderate rain at 6 km is barely adequate at 10 GHz and inadequate at 35 GHz. Even 
in drizzle the (SCR) W is marginal or worse at 35 GHz. 

Assuming a threshold (SCR) W of 7.5 dB, the maximum clutter limited range has 
been calculated from equation (76). The results are plotted in figure 28 as a function of 
rainfall rate. The nominal values were computed using a straight-line estimate for reflec- 
tivity in figure 26 and using the same values for o q as in figure 24. Even in the nominal 
case the radar imaging ILM can operate at 6 km in rain of only 0.35 mm/hr or less at 
35 GHz. The nominal attenuation limited range in such rain is 7.3 km, so the baseline 
system at 35 GHz is clutter limited. 

Rainfall occurrence .- Figures 23 to 24 and 27 to 28 can be used to evaluate the per- 
formance of the ILM in terms of rainfall rate. To assist the reader in translating this 
information into probability of loss of data from the ILM, figure 29 provides the probability 
of occurrence of rainfall rate for several locations in the United States and England. 
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Figure 25.- Reflectivity of rain 
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TABLE VI.- REDUCTION IN PRECIPITATION REFLECTIVITY 
BY CIRCULAR POLARIZATION AS REPORTED 
BY SEVERAL AUTHORS 


Type of 
precipitation 

Reduction in reflectivity, 
dB 

Reference 



X -band 

K a -band 

Unspecified 

frequency 

Rain 

28 to 30 

17 


39 

Rain 

26 to 28 

17 to 18 


38 

Rain 

12 to 19 



40 

Rain, 1 mm/ hr 



37 

41 

Rain, 4 mm/hr 



23 

41 

Rain, 15 mm/hr 



18 

41 

Thunderstorm 

15 



38 

Dry snow 


12 to 16 


39 

Dry snow 


12 to 16 


38 

Fine snow 

26 



38 

Snow 

13 to 19 



40 

Hail 

10 to 18 



40 

Fog 

— — _ 

_ 


>37 

41 
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Figure 26. - Reflectivity of rain with circular polarization. 
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Figure 27.- Predetection signal-to-clutter ratio at R = 6 km in rain. 
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Rainfall rate, r, mm/hr 


Figure 28.- Maximum clutter limited range in rain. 
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Location 


Reference 


Washington, D. C. 

. 45 

Bedford, England 

44 

Sibleys, England 

25 

Corvallis, Ore. 

26 

Portland, Ore. 

46 

Oklahoma City, Okla. 

46 

New Orleans, La. 
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Snow 


The published information concerning the attenuation and reflection of electromag- 
netic waves by snow is much more incomplete than for rain. From Gunn and East (ref. 36) 
the attenuation by dry snow falling at a rate of 3 mm of water per hr is calculated to be 
2.5 x 10' 3 , 4.6 x 10~ 3 , and 4.5 x 10 - ^ dB/km at 10, 15, and 35 GHz, respectively. A few 
measurements have been made which indicate a much greater attenuation coefficient. Bell 
(ref. 48) has measured the coefficient to be 0.45 dB/km at 11 GHz for a rate of 2 mm of 
water per hr. Oomori and Aoyagi (ref. 49) measured the attenuation to be approximately 
0.27, 0.70, and 1.6 dB/km at 10, 15, and 35 GHz, respectively. It is possible that the 
higher measured values are due to the snow being wet and thus having a higher dielectric 
constant. If this is true, then the above data indicate that attenuation due to dry snow 
would not be a serious problem for the radar imaging ILM. Wet snow could degrade the 
performance at 35 GHz such that the system would be inadequate. 

The theoretical reflectivities from reference 36 are -70.6, -63.6, and -48,9 dB/m 
at 10, 15, and 35 GHz, respectively, for a snowfall rate of 3 mm/ hr. Measurements by 
Carlson (ref. 50) indicate higher reflectivities of -58.5, -51.5, and -36,8 dB/m, all for 
linear polarization. From table VI the reduction in reflectivity with circular polarization 
is 12 to 26 dB. The scarcity of data seems to make exact computations of the maximum 
clutter limited range of questionable value. However, comparison of the above quoted 
values for the measured reflectivity of snow with the comparable data for rain in fig- 
ures 26 and 28 indicates possible serious degradation in performance due to clutter, par- 
ticularly at 35 GHz. 


Fog 

Microwave attenuation by fog has been described theoretically in the classical work 
by Gunn and East (ref. 36). Using Rayleigh scattering theory they found that the attenua- 
tion coefficient a is given by 

a = 0.4343^M I m (-K) (77) 

AP W 

where 

O' attenuation coefficient, dB/km 

o 

M mass of condensed water per unit volume of air, g/m 

A wavelength, cm 

o 

P w density of water, g/cm 
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ni complex refractive index 

The resulting values for a at a temperature of 0° C are plotted in figure. 30 as a function 
of M for the three frequencies of interest. The temperature of 0° C was chosen to be 
conservative, since the attenuation increases (because of the dielectric constant) with 
decreasing temperature. 



Visibility, D, m 


Figure 30.- Attenuation in fog. 


A second abscissa scale in terms of the visibility distance D is shown in figure 30. 
The following relationship between M and D was taken from Kerr (ref. 51): 

M = 303D' 1 ' 43 (78) 

where D is visibility in feet. 

Using the same limits for target cross section o used in figures 24 and 28, values 
of the attenuation coefficient from figure 30, and 15 dB for the required SNR, the maxi- 
mum attenuation limited range in fog was computed using equation (69) for a 1.57 m 
antenna. The results are shown graphically in figure 31. 



Figure 31.- Maximum attenuation limited range in fog. 
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From the standpoint of attenuation, the baseline system at 10 GHz can operate satis- 
factorily in fog in which the visibility is 30 m or more. At 35 GHz the system can operate 
in fog with a visibility of 200 m and perhaps with a visibility of 40 m. This performance 

may be adequate in view of Kerr’s statement (ref. 51) that fog seldom occurs with a water 

3 

content of more than 1 g/m which corresponds to a visibility of about 55 m. Further- 
more, one author (ref. 5) has stated that reduction of landing minimums to 150 m visibility 
will be an adequate solution to the problem of airline operation in poor weather, 

Gunn and East (ref. 36) and Skolnik (ref. 6) give theoretical values for the backseat - 
ter cross section of fog. At 35 GHz and 0° C the relationship between reflectivity and 
water content from Gunn and East is 

2 = 1.47 x 10“ 9 M 1,82 (79) 

For M = 2.3 g/m^, corresponding to a visibility of about 30.48 m (100 ft), S = -81.7 dB/m 
for linear polarization. Due to the high spherical symmetry of the droplets in fog, the can- 
cellation ratio for circular polarization should be limited only by the ellipticity of the radar 
system. Assuming a value of 25 dB for the cancellation ratio, the reflectivity for this 
worst case becomes -106.7 dB/m. From equation (76) the corresponding maximum clutter 
limited range is nearly 9000 km for ~ -36 dBsm. Therefore, it is concluded that fog 
clutter is not a problem for the radar imaging ILM. 

CONCLUSIONS 

From the analysis of a real aperture, forward-looking imaging radar for use as an 
independent landing monitor (ILM), the following results have been obtained: 

1. The requirements on ground resolution, signal-to -noise ratio, signal -to -clutter 
ratio, maximum range, and weather environment have not been established for an imaging 
type ILM. 

So that the capabilities of a radar imager could be evaluated, the following require- 
ments were assumed or heuristically derived: (1) ground resolution of 23 m at maximum 
range, (2) signal-to -noise ratio of 15 dB (postdetection), (3) maximum range of 6 km, and 
(4) all weather environments. It must be emphasized that some of the following conclusions 
are based on the foregoing assumptions and that any revision in the assumed requirements 
could change the conclusions. 

2. The selection of the operating frequency for a radar imaging ILM involves a 
trade-off between cross -track resolution and performance in adverse weather, particularly 
rain. Higher frequencies produce better cross -track resolution, while lower frequencies 
produce less w’eather degradation. Also involved in the trade-off is antenna length, where 
longer antennas afford improved cross -track resolution. 
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3. At a range of 6 km and with a 2 m antenna, an imaging radar ILM operating at a 
frequency of 35 GHz will have a cross-track resolution of 25.7 m (84.3 ft), which nearly 
satisfies the assumed resolution requirement of 23 m and probably is adequate. The reso- 
lution of a 35 GHz imager with a 1.57 m antenna is 32.8 m (108 ft) and does not satisfy 

the requirement but may be adequate. The resolutions at 35 GHz with a 0.761 m (30 in.) 
antenna, at 15 GHz with a 2 m antenna, and at 10 GHz with a 2 m antenna are 67.8 m, 

60.0 m, and 90.0 m, respectively, at a range of 6 km and do not nearly meet the 
requirement. 

Even if the maximum range could be reduced to 4.25 km, corresponding to the range 
to the far end of a 3.66 km (12 000 ft) runway, from an aircraft altitude of 30.5 m (100 ft), 
radar imaging ILM T s operating at 10 GHz or 15 GHz do not meet the 23 m resolution 
requirement with antenna lengths up to 2 m. If a cross -track resolution equal to the run- 
way width (typically 45.7 m) were acceptable, then a radar imager at 15 GHz with a 2 m 
antenna would be adequate since it has a resolution of 42.5 m. Adequate cross-track 
resolution can be obtained at 10 GHz or 15 GHz only if the assumed resolution require- 
ments are relaxed or if antennas longer than 2 m can be accommodated by the aircraft 
(such as in the wings). 

4. Adequate signal-to-noise ratios from a grass -surrounded runway can be obtained 
at ranges up to 6 km in clear weather. 

5. Because the measured values of the differential radar cross section of concrete 
and undisturbed snow overlap, the performance of a radar imaging ILM with a runway 
surrounded by snow cannot be predicted and must be determined by testing. 

6. Further testing is required to determine the improvements obtainable in image 
quality through reduction of target clutter by pulse integration. 

7. Runway obstructions such as large aircraft and vehicles can be detected with an 
ILM at a 6 km range. Small aircraft and vehicles can probably be detected at shorter 
ranges. 

8. A radar imaging ILM will not perform satisfactorily in some Category HI weather 
conditions unless antenna lengths greater than 2 m can be accommodated in the aircraft. 

9. An X-band radar imaging ILM will not be limited by weather except in the 
heaviest rains or snows. 

10. A radar imaging ILM at 35 GHz will not perform adequately (insufficient range) 
in moderate rain and may be clutter limited in snow. It will perform satisfactorily in fog 
except for possible slight attenuation degradation in very heavy fog, 

11. A K a -band radar imaging ILM is feasible if operation in all weather conditions 
is not mandatory. Further testing must be conducted to determine its limitations and to 
optimize the design. 
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12. Circulation polarization should be used to reduce degradation due to weather 
clutter. 

Langley Research Center, 

National Aeronautics and Space Administration, 

Hampton, Va., May 17, 1974. 
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